Abstract. Based on the mesoscopic damage theory and the finite element method, a numerical code RFPA was applied to investigate the rock fragmentation by three TBM cutters loaded one after another in different time interval. The whole process of crack initiation and propagation was successfully simulated by the cutters loaded with different step intervals. The time interval of the disc cutters has significant influence on the fracture patterns and the rock breaking efficiency. The simulated results show that there are three types of breakage mode of the rock subjected to compression by the cutters.
Introduction
TBMs have been employed extensively in mining and civil engineering construction for many advantages. People have studied the rock breaking mechanism of TBM cutter in tunnel construction by experimental investigation and numerical simulation. Ceno [1] found that there were four stages in the fracturing process: compressive deformation stage, Hertz crack initiation and propagation stage, radial crack initiation and propagation stage, and chip formation stage. Kahraman [2] studied the influence of rock parameters on rock breaking ,such as the elastic modulus, the compressive strength and tensile strength ,and then pointed out that the tensile strength was the key parameter to influence the rock fracture. Liu [3] studied the rock stress distribution and the rock breakage under cutters by using numerical simulations.
However, the cutters usually arrange into the form of a helix [5] [6] .There is a certain phase angle between the adjacent cutters and also exists the time period of multi-hob rolling across the same cross-section in the process of breaking rock. Different orders of the rolling must have significant influence on rock fracture patterns and breakage efficiency. In the present paper, a numerical code (RFPA2D) is applied to simulate the rock breaking process subjected to different time period and to investigate the mechanism of rock fragmentation.
The Numerical Simulation Model
It is well known that rocks are inhomogeneous material that containing many types of micro cracks, joints and grains with different sizes, which leads to its anisotropic and nonlinear deformation behavior. In order to describe the inhomogeneity of the rock material, we assume that the mechanical properties of the microstructural elements follow the Weibull distribution. If the homogeneity index for the specimen is larger, the distribution of the mechanical parameters of the rock microstructure elements is more homogenous, and more elements have the mechanical parameters close to the average mechanical value. Table 1 shows the mechanical parameters used in the numerical model. In the following simulations, the model is meshed into 200×400=80,000 elements and the element size is 1mm×1mm. The mean uniaxial compressive strength, the mean elastic modulus and the internal friction angle are assumed to be 94Mpa,20Gpa and 28°respectively. A constant displacement movement is applied on the top of the cutters at the rate of 0.002mm per step. The rock specimen is confined by the lateral pressure of 20Mpa. The layout of the numerical model is shown in Fig.1 . The three cutters start to apply on the rock specimen at different time steps. It is assumed that when the next cutter begins to work, the previous cutter will not be removed until the final failure. As shown in Table 2 , there are totally five cases in the simulations. The numbers in the time step indicate when the cutters and the displacement increment are applied on the top of the rock specimen.
For example, for Case 1, the first, second and last cutters are applied at the first calculating step, the 25th calculating step and the 50th calculating step respectively. Table 2 shows the size of the fractured zone(including the fracture depth and the destroyed areas) ,the work done by the cutters, and specific energy. The specific energy can be described as the ratio of the work done by the cutters to destroyed areas. The mean confining pressure is 20Mpa, and the cutter spacing is 90mm. The breakage modes under different time intervals of the cutters can be classified into three types(Type A, Type B, Type C). Fig.2 shows the crack propagation process when the time interval is 25 steps for Case 1. The whole fracturing process can be divided into four stages. In the linear elastic deformation stage, only few micro failures can be observed throughout the whole specimen. In the non-linear deformation stage, parts of specimen began to fail as the load continues to increase. The strength and the stiffness of the elements around the cutter decrease gradually. The second cutter is applied at the 25th loading step. The rock produces a high stressed area under the two cutters, and a powder nuclear body and the initial crack appear. The third cutter is applied at the 50th step. As the displacement loading continues to increase, the crack between the second and third cutter propagate and coalescence to produce a large chipping. Finally, the cracks between the first and second cutters interact with each other and coalescence, leading to the stress release in the specimen. The breakage mode can be classified into Type A, in which the crack coalescence occurs between the second cutter and the third cutter, and then occurs between the first and the second cutter. Fig .3 shows the crack propagation process when the time interval is 100 steps for Case 4. In the beginning and second stage, the rock part under each cutters shows high stressed zone. At the 200th step, the third cutter is applied . As the load increase step by step, the cracks induced by the first and the third cutters propagate toward the second cutter. Finally, all crack run through the space almost at the same time to form a large fracture zone in the specimen. The fracture depths at the left and right sides are not the same because of the heterogeneity of the rock. In this breakage mode (Type B), the coalescence between the cutters occurs at the same time.
Fig. 1 The numerical model

Numerical Results
(a) (b) (c) (d) Fig. 3 Simulated fracture process for Case 2. The breakage mode can be classified into Type B. Fig.4 shows the crack propagation process when the time interval is 125 steps for Case 3.In the first and second loading stage, the process of crack generation and propagation is similar to Fig.2 (a) and (b). As the increasing of time step interval in Case 5, the cracks between the first two cutters develop a longer distance than in Case 1 and Case 4. The cracks near the first and second cutter propagate across the space toward each other and the coalescence of the cracks lead to the large chipping. In this fracture process, the breakage mode can be classified into Type C. 
Discussions
Teale proposed a parameter termed as specific energy in 1965 to evaluate the rock breaking efficiency from the point of view of the work done by the cutter on the rock specimens. The specific energy is defined as the energy required to break rocks per unit volume. Here the specific energy is obtained by calculating the ratio of the work applied on the cutters to the fractured area in the rocks.
We can find that the rock failure area or volume increases with the increase of the time interval from Table 2 . However, by using W/A to describe the energy consumption in these cases, it is clear that the W/A decreases gradually as the time interval increases. When the time step interval reaches a certain value, W/A has an ascending tendency. It shows that there is an optimal time interval to save the energy and make the rock breakage most efficient. We can conclude that the time period or step interval has significant influence on the fragmentation patterns and the efficiency of the cutter to break rocks. Fig.5 shows the time interval optimal curve of the slate in the sequential action of three cutters. From it we can see that the W/A decreases with the increase of time interval to a minimum point and then gradually increases. There is an optimal time interval and best rock failure efficiency. There are three different breakage modes when the time step interval increase from 25 steps to 125 steps. When the time interval is small relatively, before the cracks between the first and second cutters do not develop adequately, the third cutter is applied. The efficiency of rock breaking will
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Advances in Industrial and Civil Engineering become lower. When the time interval is long enough, the cracks between the first two cutters have coalesced to form the rock chip before the third cutter begins to work. In this manner the energy consumed by the first two cutters to form the chips between them is not necessary any longer. Only when the cracks between the first two cutters has developed appropriately, and the third cutter is applied at the right time step to give help to develop the cracks that the first two cutters produced, we can save energy and obtain the smallest specify energy.
Conclusions
The conclusions can be drawn as follows:
(1) The rock fragmentation by three TBM cutters load done one after another in different time period can be successfully simulated by RFPA code.
(2) The time period of the disc cutters has significant influence on the rock breaking efficiency. If the third cutter is applied at the right time to give help to develop the cracks produced by the first two cutters, we can obtain the optimized time interval.
(3) The simulated results show that there are three types of breakage mode of the rock subjected to compression by the cutters with different time interval.
